Background/Aims: AIRE is known for its involvement in autoreactive T-cell deletion in thymic epithelium. Though extrathymic expression of AIRE is well documented, the functional relevance of AIRE in non-thymus tissues is emerging. AIRE is expressed in neonatal and adult testis, and has been implicated in sporadic germ cell apoptosis in developing testis. In this study we examined whether AIRE has any role in inducing apoptosis in cultured spermatogonial cells. Methods: We over-expressed AIRE or CARD domain of AIRE in GC1-spg cells and evaluated its impact on cell cycle using fluorescence activated cell sorting following Hoechst 33342 staining. Apoptosis was assayed using Annexin-V staining. Caspase-3 cleavage was assessed on western blots and caspase-3 expression was quantitated using realtime PCR. Results: We report that C18-4 cells which are derived from Type A spermatogonia expressed AIRE, while GC1-spg which is closer to Type B spermatogonia was negative for AIRE expression. Overexpression of AIRE or CARD domain of AIRE induced Caspase-3 expression in GC1-spg cells. Silencing of AIRE in C18-4 cells inhibited Caspase-3 expression. When overexpressed, AIRE and CARD brought about a very negligible increase in germ cell death and resulted in altered cell cycle pattern with a reduction in G1 phase. This was not associated with any increase in activation of Caspase-3. Conclusion: We conclude that the CARD domain of AIRE enhances caspase-3 expression through possible direct DNA binding and triggers non-apoptotic downstream signaling in cultured spermatogonial cells. Fig. 6. (A) and (B) Histogram showing cell cycle analysis of GC1 cells over expressing Aire and control Vector (C). Percentage of cells in Sub G 0 , G 1 , S and G 2 /M stages of cell cycle. Data represented here is from four independent transfection represented as Mean ± SEM. p<0.05 for G 0 and p<0.05 for G 1 phase. Asterisks indicate statistically significant difference versus control. (D) Flow cytometric analysis of Annexin positive cells in GC1 cells, transfected with Vector, CARD and Aire full length are shown. The Q4 population represents the apoptotic annexin positive cells. (E) Graphical representation of percentage of annexin positive cells normalised to vector controls from three independent experiments. Values are represented as Mean ± SEM and Students t-test showed p< 0.001 for card and p< 0.05 for full length.
Introduction
Autoimmune regulator (AIRE) was identified as a gene expressed in thymus which when mutated leads to a rare autoimmune disorder APECED [1, 2] . In thymus, AIRE is expressed in medullary epithelial cells [3] and it regulates the expression of tissue restricted antigens [4] to prevent autoimmunity. AIRE is a non-classical transcription factor [5, 6] with DNA binding properties [7, 8] . AIRE regulates gene expression by chromatin binding [9] , using its histone binding domain [10, 11] , and with the involvement of miRNAs [12, 13] . The presence of Aire transcript is not limited to thymus but is widely reported in different tissues of both human and murine systems [14] . Among the tissues outside immune system, presence of Aire in mouse testis is particularly interesting. Testis has abundant expression of AIRE protein [15] and Aire deficient mouse showed compromised fertility rates and reduced litter size [16] . A reduction in the number of apoptotic cells in testis at an early phase of germ cell apoptosis is a notable feature of Aire-/-mouse [17] . Apoptotic events operating at various stages of germ cell development are critical to a developing testis and caspase activation is known to play a crucial role in regulating the processes. AIRE has a Caspase Recruitment domain [18] and it has been shown to induce cell death in HEK 293 cells [19] . However, the role of AIRE in caspase mediated germ cell death has not been addressed. The expression of AIRE in the genital ridges of 12.5 day mouse embryos of both sexes and in embryonic stem cells of mouse and human origin along with other core pluripotency markers [20] have further strengthened the assumption that it might as well be involved in early development. In this work, we have evaluated the role of AIRE and its CARD domain in inducing germ cell death and whether AIRE/CARD dependent upregulation of caspase-3 in germ cells sensitizes these cells towards a drug induced apoptotic death.
Materials and Methods

Reagents
Sourcing of antibodies used in this study were as follows: Caspase-3 and-9 (Cell signalling Technology Inc., Danvers, USA); AIRE-1 (M-300), OCT-3/4 (H-134), Actin (I- 19) , Goat anti-rabbit HRP, donkey anti-goat HRP (Santa Cruz Biotechnology Inc, CA, USA) and anti-GFP (Lifespan biosciences, Seattle, USA). Lipofectamine 2000 (Invitrogen, CA, USA); DMEM, DMEMF12, OptiMEM, FBS, Antibiotic-antimycotic cocktail, Glutamine and Non-essential amino acids (Invitrogen, Green Island, NY, USA); Pan caspase inhibitor Z-VAD-FMK (Bio vision, Mountain view, CA, California), Sodium pyruvate, Thapsigargin and Doxorubicin were from Sigma-Aldrich, MO, USA. Restriction enzymes EcoR1, Sal1, CIP, NEB buffer 3, EcoR1 Buffer, DNA Ligase and Ligase buffer from New England Biolabs, MA, USA. Nucleobond Xtra Midi Plus EF kit (Macherey Nagel, Duren, Germany), Gel extraction kit (GE Healthcare, NA, USA), Vybrant® Apoptosis Assay Kit #6 (Invitrogen, CA, USA) were also procured. A list of cell lines mentioned in this article and their source is included in Table 1 .
Cell culture and transfection GC1-spg (ATCC ® CRL-2053™ from ATCC, VA, USA) and HeLa (Cell repository at Rajiv Gandhi Centre for Biotechnology, Trivandrum, India) cells were cultured in DMEM supplemented with 10% FBS and antibiotics. C18-4 cells were cultured in DMEM-F12 supplemented with 10% FBS, 1% non-essential amino acids and antibiotics. All transfections involving cell lines were carried out using Lipofectamine 2000 as per manufacturer's instructions. All transfections were carried out in Opti MEM, reduced serum medium. Four hours after transfection, the culture medium was replaced with fresh culture medium. In experiments involving drug treatment of cells in culture, thapsigargin or doxorubicin dissolved in DMSO (ATCC, VA, USA) was added to cells post transfection at a final concentration of 2 Human embryonic kidney cells HT-93
Acute promyelocytic leukemia (APL) cells SK-Hep-1
Human endothelial cells µM /mL of medium. For inhibition of caspase activity, Z-VAD-FMK (2 µM/ mL) was added to cells two hours prior to transfection.
Plasmid construction
From pET-32a(+)-AIRE previously generated in our laboratory, full length AIRE (amino acids 1-545) and the N-terminal CARD domain (amino acids were amplified with hAIRE 1F/hAIRE 545F and hAIRE 1F/hAIRE 197R primer pairs and were subcloned into pEGFPN1 vector. The constructs were authenticated by direct sequencing of the inserts and flanking vector regions. Details of primers used in RT-PCR and RT-qPCR are given under Table 2 .
For over expression in GC-1spg cells, full length AIRE-GFP plasmid and CARD-GFP plasmids were isolated using Nucleobond Xtra Midi Plus EF kit (Macherey Nagel, Duren, Germany) as per the manufacturer's instructions and plasmids were quantitated using Nanodrop (Nano Drop 1000, Thermo Scientific, DE, USA)
Protein extraction and Western blot analysis
Protein extraction from mouse testis was carried out as described previously [15] . Cells were lysed by agitation at 4 o C for 1 hour in RadioImmunoPrecipitationAssay(RIPA) buffer (150mM NaCl, 1.0 % NP 40, 0.5 % Sodium deoxycholate (HiMedia Laborataries, Mumbai, India), 50 mM Tris-HCl (pH 8.0) supplemented with protease inhibitor cocktail (Sigma, MO, USA) followed by centrifugation at high speed. Protein concentration was determined using DC protein assay kit (Bio Rad, Richmond, CA, USA). Cells obtained through FACS were washed with PBS and the cell pellet resuspended in residual PBS was mixed with an equal volume of Laemmli buffer and were heat-denatured before loading on SDS PAGE. Proteins were transferred to PVDF membrane (GE Healthcare, NA, USA) and were saturated with 5 % non fat dry milk. Detection was done using the respective primary antibodies. Secondary antibodies were conjugated to horse radish peroxidase. Detection was performed colorimetrically using 0.05 % DAB (Sigma-Aldrich, MO, USA), 0.1 % hydrogen peroxide (Qualigens, Glaxo Smithkline, Mumbai, India) and 0.04 % nickel chloride (Spectrum chemicals, Cochin, India). All western blot images were analysed using Phoretix Advanced 1D software (Non linear dynamics, California, USA) and results from 3 independent sets were averaged.
RNA isolation and cDNA preparation
RNA isolation from mouse tissues and transfected cell lines were carried out using TRI reagent. From each age group, 4 animals were used for RNA extraction. In the case of transfected cells 2 sets from two independent transfections were used. Total RNA (5 µg in 33µl RNase-free water) quantitated with Nanodrop and having 260/280 ratio of 2 or above were reverse transcribed using Ready-To-Go TM T-primed first strand cDNA synthesis kit (Amersham Biosciences, NJ, USA). RNA isolation from FACS sorted cells and primary culture of testicular cells after puromycin selection was carried out using RNeasy Mini Kit (Qiagen, Hilden, Germany) and 1µg RNA was reverse transcribed using SUPERSCRIPT ® VILO TM cDNA synthesis kit (Invitrogen, Carlsbad, CA, USA).
Quantitative real time PCR
The primers used for real time PCR are listed in Table 2 . Quantitative Real time PCR was performed using SYBR green master mix (Applied Biosystems, WA, UK) using ABI PRISM ® 96 well optical reaction plates. All reactions were performed in triplicates. Each 10 µL PCR reaction contained 1µL cDNA mixed with 2X Power SYBR-Green PCR master mix and primers diluted to a final concentration of 0.2 µM. The following cycling parameters were used: 50° C for 10 minutes, 90° C for 10 minutes and 95° C for 10 minutes. This was followed by 40 cycles at 95° C for 10 seconds and a combined annealing/extension temperature of 60° C for 2 minutes. Analysing RT PCR data All PCR reactions were done in 96 well format and the average CT values were calculated. For relative quantification of gene expression mouse beta actin was used as reference gene. All groups were done in triplicate where each experiment was done in duplicate. Delta CT values of control and test were evaluated through Student's t-test to evaluate their statistical significance. Relative fold change is shown in log scale.
In silencing experiments, the expression level of target gene in control samples were taken as 100 % and relative reduction in fold change is represented graphically.
Annexin staining of transfected cells
Cells grown in 6 well culture plates were transfected, harvested twelve hours post transfection and were stained following Vybrant apoptosis Assay kit (Molecular probes, Invitrogen, Oregon, USA) protocols. Briefly, the cell pellets were resuspended in annexin binding buffer and incubated with Biotin-X annexin-V antibody. After the incubation cells were resuspended in annexin binding buffer and incubated with AlexaFluor®350 streptavidin solution for 30 minutes. Propidium iodide was also added to the resuspended pellet and incubated for 10 minutes at room temperature. Analysis was performed using FACS. The data presented here are from three independent analyses from three independent transfections. Untransfected GC1-spg cells and cells transfected with pEGFPN1 were used as controls. For treatment with general caspase inhibitor, 2mM cell permeable Z-VAD-FMK was added to cells 2 hours prior transfection. Aire over expressing GC1-spg cells without Z-VAD-FMK treatment served as control.
Cell cycle analysis of Hoechst 33342 stained GFP positive live cells DNA content of GC-1spg cells transfected with GFP-AIRE was analysed using flow cytometry. Transfected cells harvested by trypsinization were pelleted down at 1000 rpm. After PBS wash, the cell pellets were resuspended in 500 µL DMEM and incubated at 37° C for 45 min with 5 µL of 1 mg/mL Hoechst 33342 (Invitrogen, CA, USA). After gating the GFP positive population and double discrimination using area vs. width plot, DNA content of GFP positive populations were analysed. GFP positive population from GC1spg cells transfected with pEGFP-N1 vector was used as control. Analysis was done with cells from four independent transfections.
Results
Expression of Aire in C18-4 and GC1-spg cells
The C18-4 cells are mouse type A spermatogonia immortalized using the Simian virus 40 large T-antigen gene (LTAg) under the control of an ecdysone-inducible promoter and has neomycin resistance. The cells exhibit morphological features typical of spermatogonia at the light microscopic level and also express germ line stem cell markers like Oct-4, and GFRα-1 and Dazl [21] . The GC1-spg is a mouse testicular germ cell line, also immortalized using LTAg and has neomycin resistance. The cell line phenotype resembles to a stage between type B spermatogonia and primary spermatocyte, based on its characteristic features observed in phase contrast and electron microscopy. This cell line expresses two testis specific isoproteins, cytochrome c and lactate dehydrogenase C4 [22] .
The basal level of expression of Aire in C18-4 and GC1-spg cells was evaluated using RT-PCR and western blot analysis. C18-4 cells expressed AIRE, while GC1-spg cells were negative for AIRE expression (Fig. 1) .
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry 
AIRE influenced the expression of CASP3 in C18-4 and GC1-spg cells
Both full-length AIRE (Fig. 2B ) and the CARD domain of AIRE (Fig. 2C) were expressed as EGFP fusion proteins in GC1spg cells. Confocal microscopy indicated that the localization was predominantly on the cytoskeletal network, with clearly noticeable nuclear speckles visible in both the cases. An empty vector control showed a diffuse distribution of fluorescence ( Fig. 2A) . The expression of these constructs was further confirmed on western blots (Fig. 3) . The efficiency of knocking down of AIRE in C18-4 was also confirmed (Fig. 4) . The over-expression of AIRE-EGFP in GC1-spg cells enhanced the expression of Casp3 (Fig. 5A) , while the silencing of AIRE lowered the levels of Casp3 (Fig. 5B ).
Over expression of AIRE/CARD in GC1spg cells did not enhance apoptosis
RT-PCR analyses on cDNA obtained from transfected cells confirmed the presence of GFP, CARD, and AIRE transcripts (Fig. S1 , B -for all supplemental material see www.cellphysiolbiochem. com). Cell cycle analysis with Hoechst 33342 stained live GFP positive cells from control ( Fig. 6A ) and AIRE transfected GC1-spg cells (Fig. 6B ) showed alterations in cell cycle pattern and accumulation of cells in G0 phase. Cell cycle analysis performed 24 hours after transfection showed that an average of 4.03 % cells were in G0 stage in controls when compared to the 12% cells in G0 state in AIRE expressing cells, indicating a fourfold increase in G0 population in the latter cells. The increase in G0 cells was followed by a corresponding reduction of the cells in G1 phase too, with 73 % G1 stage cells in AIRE expressing set when compared to the 79 % in the control set. A significant increase (with p value ≤ 0.05, marked as **) in G0 phase along with a reduction in G1 phase was evident in AIRE over expressing germ cells (Fig. 6C) . With alteration in cell cycle pattern, AIRE-positive cells also showed the externalization of canonical apoptotic marker phosphatidyl serine detected using BiotinXannexin-Alexa Fluor®350 staining followed by FACS. The results are graphically represented in Fig. 6E . The basal level of cell death was only 0.8 % in GC1-spg cells transfected with empty vector. AIRE-expressing cells showed significant increase in annexin positivity (p ≤ 0.05), when compared with untransfected cells or cells transfected with insertless vector. Annexin positivity in cells expressing CARD domain (1-197 amino acids) was also significantly higher (Fig. 7A ).
When treated with Z-VAD-FMK, the percentage of apoptotic cells in GC1-spg cells expressing AIRE were comparable to empty vector controls (Fig. 7B) . To evaluate the possibility of the activation of caspase mediated cell death pathway in AIRE expressing GC1-spg cells, protein from GC-1spg cells overexpressing Aire and three functional domains CARD, PHD, and SAND were evaluated for up/down regulation of caspases (Fig. 7C ). Primary antibodies against caspase-2, -3, -6, -8, -12 and PARP were used to assess possible activation and cleavage of caspase. Cell lysate from GC1-spg cells treated with thapsigargin (1.5 mM) served as positive control for activated caspases. Untreated GC- Aire expression did not enhance the sensitivity of GC-1spg cells to doxorubicin GC1-spg cells are sensitive to doxorubicin, an apoptotic inducer. Doxorubin induces caspase 3 mediated cell death in germ cells. We evaluated whether AIRE /CARD expression enhanced the sensitivity of GC1-spg cells to doxorubicin. Treatment with doxorubicin for 12 hours induced elevation in the levels of caspase-3 cleavage in GC1-spg expressing full length AIRE or the CARD domain when compared with that of the empty vector control (Fig. 8A) . Moreover, significantly higher levels of caspase-3 were detected in GC1-spg cells overexpressing full-length AIRE or CARD when compared with the empty vector controls (Fig. 8B) . As expected, activated caspase-3 (17kDa) was visible in all doxorubicin treated groups. Transfected cells maintained under similar conditions without drug treatment did not show any caspase-3 activation. However, the expression of AIRE or CARD did not enhance caspase-3 cleavage in response to doxorubicin treatment, as interpreted from the ratios of the normalized band intensities of uncleaved caspase 3 before and after treatment. While the reduction in band intensity was 1.8 fold in control, the same was 2.3 for AIRE transefected and 2.1 fold for CARD transfected cells. Real time qPCR analysis revealed a statistically significant increase in the expression caspase-3 at 16 hours post transfection in cells overexpressing full-length AIRE or CARD, when compared to vector controls (Fig. 8C ).
Discussion
The presence of Aire mRNA in lung, kidney, adrenal gland ovary and testis of mouse [23, 24] suggested that it might also have function(s) outside the immune system [25, 26] . The detection of AIRE protein in mouse testis raised the possibility that it might regulate promiscuous gene expression in testis [17, 27] . Gonads share with the thymus the distinctive property of generating cells each of which is genetically unique. Promiscuous expression of proteins in these genetically unique germ cells, under the influence of AIRE and/or other similar proteins, could facilitate the detection of incompatibilities between proteins encoded by their unique genome and subsequent elimination of those cells which register incompatibilities [27] . Thus, AIRE-deficient mice showed reduction in scheduled apoptotic wave of germ cells which is necessary for normal mature spermatogenesis and increased incidence of sporadic apoptosis of germ cells in testis [17] . A reduction in early apoptotic event is reported in the germ cells of Aire -/mouse, but AIRE was never shown to associate directly with any molecule of apoptotic cascade [17] . But, this was not the case in somatic cells. Overexpression of AIRE in two cultured epithelial cells (HT93 and SK-Hep-1) resulted in increased levels of several chaperones (HSC70, HSP27 and tubulin-specific chaperone A) and reduction in the levels of various cytoskeleton interacting proteins (transgelin, caldesmon, tropomyosin alpha-1 chain, myosin regulatory light polypeptide 9, and myosin-9) and differential expression of some apoptosis-related proteins. Moreover, the AIRE-positive cells suffered more spontaneous apoptosis and were less resistant to apoptosis induction [28] .
AIRE expression was detected in keratinocytes and in tumors originating from stratified epithelia. An enrichment of translation-related pathways was observed in AIRE-expressing tumors [29] . A significant increase of cells in G1 phase and activation of caspase cascades was induced by AIRE transfection in breast cancer luminal cell lines [29] We had previously amplified and cloned full length Aire from mouse testis [15] . We had also reported that GC-1 spg cells, a mouse spermatogonia-derived cell line, is negative for AIRE expression and that over-expression of AIRE-EGFP in them showed the nuclear dot like and filamentous pattern [30] , similar to the previously established pattern of expression in other cell lines [31] . On the other hand, C18-4, another spermatogonia derived cell line which is closer to A-type spermatogonial cells expressed AIRE (Fig. 1 ). Ectopic expression of AIRE in GC1-spg cells followed by label-free LC-MS/MS detected increased levels of various nucleic-acid-binding proteins (proteins involved in transcription, translation and RNA processing) and a decreased level of various cytoskeletal and structural proteins in the AIRE overexpressing cells [30] . Thus, there are both similarities and differences in the ways in which AIRE influenced cellular proteomes of cultured epithelial cells [28] and spermatogonial cells [30] .
This led us to examine whether overexpression of AIRE would enhance apoptosis in spermatogonial cells. The incidence of apoptosis in GC1-spg cultures was extremely low (0.4 %). Overexpression of AIRE elevated the percentage of apoptosis in GC1-spg cells to 1.3 % from the corresponding empty vector control values of 0.8 %. The expression of N-terminal CARD domain (amino acids was sufficient to bring about this enhancement in apoptosis in GC1-spg cells (Fig. 6E ). It should be noted that very minor fraction of only around 0.4 % of cells underwent apoptosis, though this enhancement in apoptosis was statistically significant. The observed inhibition of this effect by ZVAD-FMK (Fig. 7B) is suggestive of caspase-dependent processes in operation. This result also indicated that the CARD domain alone is sufficient to mediate the observed enhancement in cell death in GC1-spg cells. Our data also suggests an altered cell cycle pattern in germ cells that over express AIRE, favouring the accumulation of cells at the G0 state with a concomitant reduction in the population entering G1 phase. Germ cells undergo caspase mediated cell death and caspase-3 is an executioner caspase that operates at the cross roads of intrinsic, extrinsic, and endoplasmic reticulum mediated apoptotic pathways [32] . The absence of caspase-2 and caspase-8 in GC-1spg cells (Fig. 8C ) is in agreement with an earlier report [33] , and has strengthened the assumption that any caspase mediated cell death in AIRE expressing GC1-spg cells might be through enhanced caspase-3 activity. We could observe a significant upregulation of endogenous caspase-3 in GC1-spg cells, both at the transcript (Fig. 5A ) and the protein (Fig.  7C) level. This observation is relevant as studies have shown an up regulation of caspase-3 mRNA in events of cell death in nervous system and cellular stress [34] . The proteome profile data of GC1-spg cells over-expressing AIRE (PXD002511) also showed greater than 2-fold increase in the levels of caspase-3. On the other hand, silencing of Aire in C18-4 cells reduced the levels of caspase-3 (Fig. 5B) , confirming that AIRE activates transcription and translation of caspase-3.
Aire is known to activate transcription of silent genes by releasing RNA polymerases from the promoter binding sites [35] . Our data shows that AIRE activates transcription of caspase-3 directly or indirectly and that the N-terminal CARD region of AIRE is sufficient to bring about this transcriptional activation. In this context, it was reported that intact homogeneously staining region/caspase recruitment domain (HSR/CARD) and amino acids R113 and K114 were the key elements involved in AIRE binding to DNA [36] . AIRE-PHD1 is a highly specialized non-modified histone H3 tail reader [37, 38] . But, the transcriptional activation of caspase-3 by ectopic expression of CARD domain of AIRE is suggestive of the involvement of direct binding to DNA rather than chromatin-binding here.
Though AIRE/CARD expression increased caspase-3 expression in GC1-spg cells, there was notable absence of enhanced cell death response associated with it even after exposure to apoptosis inducers. This indicates that AIRE/CARD-dependent caspase-3 expression is a part of a non-apoptotic signalling pathway in GC1-spg cells. Several reports support this argument, and there are strong evidences that caspase-3 is involved in stem cell differentiation [37] [38] [39] . On the other hand, it could be argued that GC1-spg cells might have originated from a clonally distinct spermatogonium that was resistant to apoptosis. However, this doesn't seem to be the case, as GC1-spg cells responded to doxorubicin treatment by showing cleavage of caspase-3 ( Fig. 7a) , indicating that caspase-3 dependent cell death pathway is intact in these cells.
Conclusion
We conclude that the CARD domain of AIRE enhances caspase-3 expression through possible direct DNA binding and triggers non-apoptotic downstream signalling in cultured spermatogonial cells. Further studies will be required to address whether AIRE is a cis-or trans-acting molecule in regulating caspase-3 expression in spermatogonial cells.
